An NMR study on ethane and five isotopomers dissolved in the nematic liquid crystal Merck ZLI 1132 is performed. A consistent set of dipolar and quadrupolar couplings is obtained. The dipolar couplings are corrected for harmonic vibrational effects, while the contribution from the torsional motion is incorporated classically. The corrected dipolar couplings cannot be understood in terms of a reasonable molecular structure unless effects of the reorientation-vibration interaction are taken into account. Assuming that the reorientationvibration contributions that are known for the methyl group in methyl fluoride are transferable to ethane, excellent agreement between observed and calculated dipolar couplings is obtained on the basis of the ethane gas-phase structure. The observed and calculated deuterium quadrupolar couplings show discrepancies supporting the notion that average electric field gradients are important in liquid-crystal solvents. An important consequence of the transferability of the reorientation-vibration correlation is that in other molecules with a methyl group the same procedure as for ethane can be followed. Inclusion of this effect generally removes the need to interpret changes in observed dipolar couplings in terms of elusive chemical effects.
Introduction
Nuclear magnetic resonance (NMR) of small well-characterized molecules dissolved in liquid-crystal solvents is of interest for a number of reasons. First, relative geometries that can be compared to gas-phase structures can be obtained in the liquid phase from the dipolar couplings observed for orientationally ordered molecules. Despite the multitude of studies that have been carried out, the extent to which the liquid-crystal environment affects solute structure is still a matter of debate. 1 Because zero-point vibrations typically have amplitudes of 0.1 Å, bond lengths accurate to better than 0.01 Å can be obtained only if averaging over the vibrational motion is dealt with appropriately. Second, small probe molecules have proved to be extremely valuable in elucidating details about the intermolecular anisotropic potential in orientionally ordered liquids and about the mechanisms that contribute to the orientational order of such solute species. 2, 3 Seminal papers in this field have employed molecular hydrogen [4] [5] [6] and its deuterated [7] [8] [9] and tritiated 10 isotopomers, as well as methane and its isotopomers. [11] [12] [13] From such studies, it has become apparent that in liquid-crystal solvents both short-and long-range interactions generally contribute to the orientational order. Under favorable conditions, these contributions can be obtained separately when different liquid crystals and so-called "magic mixtures" are employed. 2, 3 In this paper, another relatively well characterized molecule, ethane, CH 3 CH 3 , and five of its isotopomers, viz. 13 CH 3 CH 3 , CH 3 CD 3 , CH 3 CH 2 D, 13 CH 3 CH 2 D, and CH 3 13 CH 2 D, are studied as solutes in nematic liquid crystals. When a series of molecules is studied, a comparison of observed NMR coupling parameters, such as dipolar and quadrupolar couplings, can be made only if the various species are studied under exactly the same experimental conditions. This is particularly true for isotopomers of the same molecule because isotope dependences are generally small. It would therefore be preferable to study all of the species under consideration in the same NMR sample tube. Unfortunately, with gases dissolved in liquid crystals there is an upper limit to the pressure one can allow in a sealed NMR tube. In addition, too much spectral overlap of signals resulting from different species may pose an assignment problem. Hence, it is usually necessary in practice to dissolve the isotopomers in more than one sample tube. Under such conditions, careful attention must be given to scaling the results obtained in the different tubes. In our study, we have obtained a consistent set of carefully scaled experimental NMR dipolar and quadrupolar couplings for ethane and its isotopomers.
When considering molecular vibrational motions, a case of special interest is the large-amplitude torsional motion associated with the rotation of methyl groups. Clearly, ethane is a benchmark example of a solute undergoing this type of internal rotation. A study of ethane and its isotopomers is therefore expected to be instructive. The torsional motion in ethane is a one-dimensional vibrational mode belonging to the A 1u irreducible representation of the D 3d symmetry group that does not interact with any of the other vibrational modes. For an accurate determination of solute relative geometries, the application of detailed vibrational corrections is crucial, and methods have been developed to achieve this. The usual approach is valid for smallamplitude vibrational motions and utilizes truncated Taylor expansions (see Section 3). The large-amplitude torsional mode cannot be treated in the same manner and should be dealt with separately (see Section 4) . Moreover, the torsional motion can couple with the overall rotational motion, [14] [15] [16] and the possible importance of this interaction should be considered. Because ethane in the gas phase has been studied widely with an abundance of physical methods, much is known about the molecule. Key papers report the r z structure, 17 the height of the torsional barrier, 17 and the harmonic force field. 18, 19 A detailed discussion of the type of information required from molecular force fields to obtain accurate structural parameters will be given in Section 4.
The experimental dipolar couplings are analyzed by employing a model in which the gas-phase r z structure and the torsional barrier from the literature are used. Harmonic vibrational corrections are calculated from the available second-order force field. The importance of harmonic vibrational corrections was realized and implemented long ago. [20] [21] [22] The torsional motion is taken into account by classical averaging over the internal rotational motion and by using appropriate Boltzmann weighting factors. A model based on these molecular parameters is not capable of satisfactorily reproducing the observed dipolar couplings by solely adjusting the orientation parameters associated with each isotopomer. Attempts to adjust structural parameters as well led to better quality fits but to unrealistic structures and barriers. Clearly something is missing in this approach.
An effect that is often neglected in NMR studies of orientationally ordered species is the interaction between reorientational and vibrational motions. For highly symmetric solute molecules such as CH 4 and CD 4 , the orientational order in a nematic liquid crystal is expected to be zero. Nevertheless, small dipolar and quadrupolar splittings that arise from the reorientation-vibration coupling mechanism are observed. The detailed quantum-mechanical basis for this effect has been derived in a number of publications. [11] [12] [13] Because the calculation of this socalled "nonrigid" contribution to the dipolar coupling is somewhat complicated, applications to only a few relatively simple solutes have been carried out to date. In addition to the work on the methanes, extensive studies of acetylene, 23 benzene, 24 methyl fluoride, 25 and their isotopomers should be mentioned.
The implementation from first principles of the reorientationvibration coupling mechanism to ethane was considered. In this case, the calculation involves a large number of unknown interaction parameters and was therefore abandoned. Instead, a novel approach was chosen, based on the fact that the force field associated with a methyl group is essentially transferable from one molecule to the next. This appears to be particularly true for the methyl halides, 26 hence the transfer of the reorientation-vibration couplings obtained in a previous extensive study on methyl fluoride and its isotopomers 25 was incorporated into the ethane results. The ethane dipolar couplings corrected in this manner were subjected to a fitting procedure that allowed only orientation parameters and a scaling factor (vide infra) to vary. The fit obtained was of excellent quality, indicating that incorporation of reorientation-vibration coupling is crucial. Moreover, the transferability of the methyl fluoride results to methyl groups in other molecules appears to be a very attractive possibility.
When molecular structures are deduced from liquid-crystal NMR, discrepancies are often observed and ascribed to all sorts of effects, such as specific chemical interactions, exchange between several sites in the liquid-crystal environment, and the like. It will be shown that in representative cases (e.g., 13 CH 3 I) inclusion of the reorientation-vibration coupling leads to a situation where all the observations can be explained on the basis of a single gas-phase structure, thus removing the need for more elusive explanations.
Finally, an analysis of the quadrupolar couplings measured for the deuterated ethanes leads to discrepancies very similar to those obtained when deuterated hydrogens and methanes were studied in nematic phases. 7, 12, 13 Our current results lend strong support to the notion that average external electric field gradients present in liquid-crystal solvents should not be ignored in the interpretation of measured quadrupolar couplings.
Experimental Section
Ethane isotopomers CH 3 CH 3 , CH 3 CD 3 , and CH 3 CH 2 D were used without further purification. Couplings to 13 C were obtained in the proton NMR spectra from satellite lines of 13 C in natural abundance. The liquid-crystal mixture Merck ZLI 1132 was used without further purification; N-(4-ethoxybenzylidene)-4′-n-butylaniline (EBBA) was synthesized following the procedure outlined in ref 27 .
The gaseous solutes were condensed into 5-mm od NMR tubes containing degassed liquid-crystal ZLI 1132 or EBBA and flame sealed. NMR spectra were run on a Bruker MSL 400 spectrometer. The sample temperature was controlled at 298 K for the ZLI 1132 samples (300 K for the EBBA sample) using the Bruker air-flow system.
Spectral simulation software (Bruker PANIC for single-solute samples and LEQUOR 28 for a sample containing the three isotopomers, CH 3 CH 3 , CH 3 CD 3 , and CH 3 CH 2 D) was used to obtain the dipolar and quadrupolar couplings reported in Table  1 . The indirect couplings utilized in the analysis are listed in Table 1 and were taken from refs 29-33. The labeling of the nuclei and the definition of the molecule-fixed x, y, and z axes is given in Figure 1 .
To obtain a self-consistent set of dipolar couplings, we scaled values from samples containing a single solute using the value of D HH for the same compound in the sample containing three solutes. Spectra of 13 C isotopomers, obtained simultaneously with the 12 C spectrum from the 13 C satellites in the proton spectrum, were scaled using the same factor as for the 12 C isotopomer. To ensure identical conditions, a deuteron spectrum was obtained immediately following the proton spectrum without removing the sample from the NMR probe. Because of signal-to-noise considerations, 13 C satellites were not observed in the deuteron spectra and hence 13 CD couplings were not obtained.
Theoretical Background
In this section, the theory underlying the analysis of our experimental results for ethane and its isotopomers will be discussed. We shall emphasize the role of a contribution to the dipolar and quadrupolar couplings that is often not considered, viz. the so-called vibration-rotation interaction. It is in a sense unfortunate that in the original development of the theory of solutes dissolved in nematic phases fictitious rigid solutes were taken as a starting point. 34, 35 Later it was realized, almost as an afterthought, that for a more realistic description vibrational corrections should also be incorporated. [20] [21] [22] In the present analysis we shall take nonrigid solute molecules as our starting point, and we shall see how, in addition to the well-known vibrational corrections, the vibration-rotation contribution then arises quite naturally.
The orientational order of a solute dissolved in a nematic liquid crystal arises from the anisotropy ∆F ) F | -F ⊥ in the mean liquid-crystal field, which often has cylindrical symmetry around the direction of the space-fixed magnetic field direction, Z. The potential, U, that describes the interaction leading to solute orientational order in this anisotropic mean field is given by 13, 25 with the orientation operator where k and l are molecule-fixed axes x, y, and z for the solute (see Figure 1 ) and cos θ kZ is the direction cosine between the molecule-fixed k axis and the space-fixed Z axis. The Einstein convention that implies summation over repeated indices that indicate Cartesian coordinates is used throughout this paper. The quantity ∆F ) F | -F ⊥ is the anisotropy of the liquidcrystal mean field interacting with the solute. The potential is a function of both the vibrational normal modes, Q m , of the solute and of the Euler angles, Ω, that describe its orientation. In principle, this potential couples vibrational and reorientational motions.
In the potential defined in eq 1 it is assumed that the interaction between solvent and solute can be written in a simple bilinear form, in which solvent and solute properties are introduced in a factorized manner. The simple model that we employ here gives a picture of the liquid-crystal environment as providing an average second-rank mean field tensor, F ij , that interacts with some second-rank tensorial property, ij , of the solute molecule. Tensor ij is supposed to be determined by the electronic structure and hence the geometry of the solute molecule, and therefore depends on its vibrational (normal) coordinates. Because this potential will be used to predict second-rank tensorial properties such as dipolar and quadrupolar couplings, there is no need to consider possible higher-order terms. It should be stressed that the form of the potential defined in eq 1 does not require specific knowledge of the orientation mechanism. The interaction is written as ∆F kl (Q m ), but the values of these quantities are unknown without specific assumptions about the actual nature of the orienting interaction. Moreover, there is no a priori reason that a single mechanism should dominate the orienting process. Hence, the ∆F kl (Q m ) quantities should in general be viewed as a sum of contributions ∆F i kl i (Q m ) for every interaction, i.
We shall now treat the potential, U, of eq 1 as a perturbation on the zeroth-order problem, for which we take the harmonic (20) . J couplings in Hz from [29] [30] [31] [32] [33] used in the analysis are: CH 3 CH′ 3 : JHH′ ) 8.0; 
approximation for the vibrational problem and the rigid rotor for the rotational degree of freedom. The zero-order wave function will then be a simple product of harmonic oscillator wave functions for each normal mode and a rigid rotor wave function.
The observables that we wish to calculate are the dipolar and quadrupolar couplings that are measured by means of NMR. These observables have the following general form that is, they depend on both the rotational and vibrational coordinates and have a multiplicative structure. In particular, we shall be interested in thermodynamic expectation values of operator A where n labels the rotational-vibrational quantum states and P n is the familiar Boltzmann factor. If we neglect vibrational excitation at temperature T, then without the perturbation of eq 1 we find where |0〉 is the vibrational ground state and J is a shorthand notation for all rotational quantum numbers that label the unperturbed rotational states. It can be shown easily that the sum in eq 5 vanishes for a rigid rotor so that for a freely rotating and vibrating molecule (or for one interacting with its environment in an isotropic way) observables of the form given in eq 3 will have a vanishing expectation value. To get a finite contribution, one has to take into account the change in the rotational-vibrational wave function induced by the anisotropic interaction of eq 1. By standard perturbation theory we have to first order where the sum is over all vibrational and rotational excitations.
The tensor describes some electronic property of the solute and can be expanded in a truncated Taylor series in terms of the normal coordinates, Q m , of the solute The normal coordinates, Q m , stand for small displacements away from the equilibrium structure. The derivatives are evaluated at the equilibrium structure, e, of the solute. The choice of normal coordinates is not essential; the Taylor expansion of eq 7 could also be formulated in terms of other coordinates such as Cartesian displacement coordinates, symmetry displacement coordinates, or internal displacement coordinates. It is important to note at this point that the use of truncated Taylor expansions can be expected to be realistic only for small-amplitude vibrational modes. The large-amplitude torsional internal motion cannot be dealt with in the same spirit. The incorporation of the torsional mode will therefore be deferred to Section 4.
Inserting eq 7 into eqs 1 and 6 and using the properties of the harmonic oscillator wave functions, we obtain 13 where the second term contains only rotational excitations and the third term excitations where only one normal mode is excited once. Hence, the sum over m is a sum over all normal modes. Using this perturbed wave function in eq 4 to calculate the perturbed expectation value of the operator A, we obtain to first order in ∆F For P (1) 
(T) we find
The second contribution to P (1) (T) contains the same summation as eq 5 and therefore vanishes. Equations 8-10 completely determine A(T) in terms of matrix elements of S ij with respect to rigid-rotor wave functions. These matrix elements can be worked out easily in the spherical and symmetric top cases.
We now expand a ij (Q m ) in a Taylor series up to and including the second-order term Inserting this expression into eq 9 we obtain with and We obtain expressions for A a (T) and A h (T) that are similar to
that for A rig (T) by replacing a ij e in eq 13 by
The first three terms in eq 12 involve an averaging over vibrational and rotational motions in which these degrees of freedom are strictly decoupled. The last term is the lowest-order contribution that arises from a correlation that exists between the vibrational and rotational motions. Higher-order terms that result from this correlation have been neglected.
The first three terms of eq 12 result in the usual equilibrium, anharmonic, and harmonic contributions to the dipolar couplings after the appropriate thermal averages over the vibrational motions have been taken into account. Given the rigid equilibrium structure, the first contribution to eq 12 can be calculated. To calculate the anharmonic and harmonic contributions to the dipolar couplings, detailed knowledge about experimental or theoretical force fields is required. For most simple molecules the harmonic force field is relatively well-known, but information on the anharmonic force field is often lacking.
For a harmonic vibrational potential, the relevant results can be summarized as follows where ν m is the vibrational quantum number and ω m is the vibrational frequency of normal mode m. By taking a quantum average over all vibrational states 36, 37 we obtain from which the required thermal average of 〈Q m Q n 〉 is evaluated readily.
For a harmonic potential, the vibrational quantum average of each normal coordinate 〈Q m 〉 is zero. Moreover, 〈Q m p Q n q 〉 ) 0 whenever one of the exponents, p or q, is odd. However, for an anharmonic potential the quantum averages over totally symmetric normal modes need not vanish. These quantum averages depend on the higher-order anharmonic cubic and possibly quartic force fields. When the semidiagonal cubic anharmonic force constants Φ mll of the potential expressed in normal coordinates are known, we have [36] [37] [38] Boltzmann thermal averages are then obtained as in the case of the harmonic contributions (see eqs 16 and 17) .
At this point two simplifying assumptions can be made. First, for the ethanes the rotational level spacings are small compared to kT. Hence, the full quantum-mechanical treatment of the rotational degree of freedom can be replaced by classical averaging over all orientations. Second, the rotational energy differences in eq 14 are small compared to the vibrational level spacings, with J and J′differing by two at most. Therefore, the familiar closure relationship can be employed, and we obtain The relevant classical thermal averages can be calculated using Boltzmann statistics
The 〈S kl 〉 rotations are the familiar S kl Saupe order parameters that describe the orientational order of the solute in the liquid-crystal solvent. In this context, we note that for molecules such as H 2 and its isotopomers, where rotational splittings are significant in comparison to kT ≈ 200 cm -1 , quantum-mechanical averaging over the overall rotation is required to explain the observed isotope effects on the orientational order. 5 We now focus on the dipolar couplings. Because the rotational degree of freedom can be treated classically, considerable simplification is obtained for the equilibrium, anharmonic, and harmonic contributions with Here cos θ µν,k signifies the direction cosine between the internuclear µν-direction and the molecule-fixed k-direction, and r µν is the instantaneous internuclear distance.
The terms in eq 22 are
Expressions for the derivatives (∂d kl,µν /∂Q m ) e and (∂ 2 d kl,µν / ∂Q m ∂Q n ) e have been given in various places. 11, 20, 23, 39 It should be noted that for small orientational order (when only terms proportial to ∆F are carried in the expansion of the exponential that contains the orienting potential in eqs 20 and 21) the equilibrium, anharmonic, and harmonic contributions to the dipolar couplings are proportional to the solute orientation parameters, S kl , whereas the nonrigid contribution shows a different dependence. All four contributions scale with ∆F (the anisotropy in the liquid-crystal field) if terms of order (∆F) 2 are neglected. For the quadrupolar couplings, expressions very (27) similar to those of the dipolar ones can be obtained. Anisotropies in indirect couplings are neglected throughout this paper. The truncation of the Taylor expansion of the tensor after the linear term leads to a number of a priori unknown parameters in the description, viz. ∆F kl e and ∆F(∂ kl /∂Q m ) e . Within the Born-Oppenheimer approximation, the tensor is transferable from one isotopomer to the next. The isotopic dependence of the derivatives of the tensor with respect to the normal coordinates is not trivial; there are subtle effects that have to do with the Eckart conditions that are usually invoked to obtain an optimal separation of vibrational and rotational motions. 11, 13 The above parameters are not all independent; they depend on the point group symmetry of the solute in its equilibrium geometry. The dependencies between the parameters can therefore best be derived by formulating the problem in terms of symmetry coordinates, rather than normal coordinates. For more details, the reader is referred to the literature. 11,13
Results and Discussion

Ethane Dipolar Couplings.
A consistent set of experimental NMR dipolar couplings for ethane and its isotopomers studied in the present work is given in Table 1 . These couplings are the starting point for our analysis. Ideally one would want to calculate all of the contributions to the dipolar couplings given in eq 22 from information available in the literature to see to what extent the experimental couplings can be reproduced.
The theory in Section 3 was developed in terms of Taylor expansions around the equilibrium geometry of the ethane molecule. This choice has been made for a very good reason. The equilibrium structure represents the location of the minima of the potential energy surface, is not affected by molecular vibrations, and is isotope-independent. Hence, all of the isotopomers of ethane possess the same equilibrium structure. The use of the equilibrium geometry is important for another reason. In principle, the vibrational and rotational degrees of freedom cannot be decoupled completely. To deal with this problem, the Eckart conditions of zero angular momentum 40 that lead to the definition of body-fixed axes are imposed. To treat the different ethane isotopomers on the same footing as much as possible, the use of the equilibrium geometry appears to be a judicious choice. 11 If structural data are derived from spectroscopic experiments of any sort, then molecular zero-point vibrations are always present and have to be accounted for. Ideally, one would wish to obtain accurate data for the equilibrium structure of the molecule, but this requires very detailed information about the harmonic and anharmonic molecular force field. Usually the harmonic force field is available to a sufficient degree of accuracy. In contrast, the anharmonic force field is known for only a limited number of small molecules, and ethane is not among them. Hence, the equilibrium structure for ethane is not available, and consequently the "rigid" contribution D µν e of eq 24 cannot be calculated. This clearly presents a problem.
In general, for two nuclei, 1 and 2, at a fixed distance r e , both located on the z axis, with x and y perpendicular to z, the presence of vibrations leads to small displacements (∆x 1 , ∆y 1 , ∆z 1 , ∆x 2 , ∆y 2 , and ∆z 2 ). The so-called r g structure is defined as with ∆z ) ∆z 1 -∆z 2 and so forth, and with the angular brackets signifying averaging over all vibrational motions. The expansion has been truncated after terms of order 2. The second-order terms can be evaluated if the harmonic force field is known. The first-order term 〈∆z〉 requires knowledge of the anharmonic force field. Unfortunately, the only experimental structure available for ethane is the so-called r z structure, 17 which has both methyl groups in the preferred staggered configuration (r CH ) 1.0940 Å, r CC ) 1.5351 Å, ∠ HCC ) 111.17°). This r z structure is related to r e in the following way 41, 42 To proceed we assume that, instead of starting from the preferred r e structure, the slightly different experimental r z structure 17 can be employed to calculate with eq 22 becoming
The ensuing isotope dependencies that are inherent in this choice are ignored. The contributions D µν z ) D µν e + D µν a , which include averaging of classical internal rotation about the CC bond (vide infra), are presented in Table 2 and are seen to dominate over the various vibrational effects.
The harmonic contribution can be obtained from the experimental harmonic force field, F ij , defined in terms of symmetry displacement coordinates and based on the r z structure. 19 Because the NMR suite of least-squares fitting programs employed to obtain optimal correspondence between experimental and calculated couplings computes harmonic corrections in terms of internal displacement coordinates, a transformation of the force field in terms of symmetry coordinates to one in terms of internal coordinates is required. How to perform this transformation is described in detail in ref 43 . The so-called valence force constants, k ij , expressed in terms of the symmetry force constants, F ij , are tabulated in ref 18 . The redundancies in this procedure are dealt with by setting a number of k ij values deemed to be small equal to zero. The harmonic corrections to the dipolar couplings are calculated and listed in Table 2 . The torsional mode that belongs to the A 1u irreducible representation of the D 3d group (and cannot couple with any other vibrational mode) is not included in this treatment and will be considered separately.
As indicated before, the torsional motion must be treated separately for two reasons. First, the truncated Taylor expansions employed in the treatment of small-amplitude normal modes are inadequate for large-amplitude internal rotation. Second, the coupling between torsional motion and overall rotation must be considered. [14] [15] [16] The torsional potential energy, V(τ), possesses 3-fold periodicity as a function of the torsional angle, τ, and can be expanded in a Fourier series truncated after the second term as Experimental values for the quantities that determine the height and shape of the barrier are known and are V 3 ) 2.882 kcal/ mol and V 6 ) 0.020 kcal/mol. 17 Because the torsional motion does not couple to any other vibrational mode, a separation of variables can be performed leading to a one-dimensional 
Schrödinger equation for the torsional motion where V(τ) represents the potential energy. Truncating V(τ) after the V 3 term, this differential equation reduces to the so-called Mathieu equation whose eigenvalues and eigenfunctions have been tabulated. 16, 44, 45 In principle, the V 6 term can be taken into account with perturbation theory. At a given temperature, the dipolar couplings can then be calculated as an expectation value of the dipole operator, while obtaining the thermal average over all of the torsional levels populated according to the appropriate Boltzmann factors. Hence, the full quantum-mechanical treatment of the torsional problem can be performed, albeit with a considerable amount of effort. Now we turn to the problem of coupling between torsional and overall rotational motions. In the absence of this coupling, the torsional-rotational problem can be described in terms of wave functions that are products of torsional wave functions, obtained following the above prescriptions, and rigid rotor wave functions appropriate for the overall rotation of the molecule. In principle, the torsional-rotational coupling can now be incorporated via perturbation theory. Clearly, this procedure is expected to converge much better for high than for low torsional barriers. In the case of ethane, the separations between rotational levels are much smaller than those between torsional levels. This situation defines the so-called high-barrier limit. In this limit, there are three equivalent and almost independent potential wells. Tunneling splittings arising from the torsional-rotational coupling are small for low torsional levels and increase for levels closer to the top of the barrier. Under our experimental conditions, the influence of the lower torsional levels dominates completely because the higher torsional levels are hardly populated. A detailed quantum-mechanical analysis shows that in our experimental NMR study on ethane and its isotopomers the torsional-rotational interaction can be neglected safely. This is not necessarily the case for high-resolution spectroscopic studies, for example, those employing microwave spectroscopy, where evidence for tunneling splittings can often be observed.
Alternatively, the effect of the torsional motion on the dipolar couplings can be computed by using classical averaging while employing the untruncated V(τ) potential of eq 32 and appropriate Boltzmann weighting of the torsional potential. In such a classical picture, tunneling effects do not exist. When we compare our classical results with those of the full quantummechanical treatment, the differences appear to be slight. This is another indication that the neglect of tunneling effects arising from the torsional-rotational interaction is warranted. In view of all of the approximations that are involved in the full analysis of our NMR results, only results from the classical averaging procedure will be employed in the following. This classical averaging over the torsional motion is incorporated in the dipolar couplings calculated from the r z structure presented in Table 2 .
So far the contribution to the dipolar couplings arising from the reorientation-vibration interaction has not been taken into account. A least-squares fit on the complete set of dipolar couplings (calculated for the r z structure, corrected for harmonic vibrations, and including the effect of the barrier classically) was carried out neglecting this contribution. In the fit only the independent Saupe orientation parameters of the isotopomers (1 for each molecule with axial symmetry, 3 for each molecule with a plane of symmetry, hence 12 in total) were varied while all of the structural parameters and those defining the barrier were kept fixed. Although convergence was reached, the rms value of the fit was not satisfactory, with differences between experimental and calculated dipolar couplings well outside their error ranges. The Saupe order parameters obtained for all of the molecules and the resulting rms are given in Table 3 . A series of fits was also performed in which structural parameters and/or the barrier parameter, V 3 , were varied. This led in all cases to much better quality fits with acceptable rms values, but the changes required in structural and/or barrier parameters were unreasonably large. Next, the problem of calculating the contributions to the dipolar couplings arising from the reorientation-vibration interaction was considered. In such a calculation, one has to contend with a large number of unknown parameters: (i) ∆F 〈 zz -1/2( xx + yy )〉, which signifies the product of ∆F and the anisotropy of the tensor averaged over all vibrations; and (ii) parameters of form ∆F(∂ kl /∂Q m ) e , one for each one-dimensional normal mode, and two for each doubly degenerate normal mode of the ethane molecule. Of course, one can try to obtain these unknowns by fitting the calculated to the observed dipolar couplings. However, together with the unknown Saupe order parameters that also have to be obtained from the fit, the problem becomes underdetermined quickly.
At this point, an alternative strategy was developed. Contributions to all of the dipolar couplings arising from the reorientation-vibration coupling, D µν nonrigid , were calculated from the theoretical expressions in a previous extensive study on methyl fluoride and a series of its isotopomers. The relevant unknown parameters were obtained from a least-squares fitting procedure to all observed dipolar couplings 25 (see eq 27). In the CH 3 F study, excellent agreement was generally obtained between calculated and observed dipolar couplings. Because there are ample indications that the harmonic and anharmonic force fields for a methyl group do not depend strongly on the molecule that the methyl group is part of, 26 there is justification for the transferability of the quantities D µν nonrigid from methyl fluoride to ethane. Some nonrigid contributions can be transferred immediately, whereas for others some degree of improvisation is required. The contribution to the ethane dipolar coupling between a proton or a deuteron in one methyl group and the 13 C in the other methyl group is obtained from the nonrigid contribution to the HF or DF coupling in methyl fluoride by scaling with the appropriate ratio between F and 13 C gyromagnetic ratios. The nonrigid contribution to the coupling between protons or deuterons in different methyl groups in the ethanes was set equal to zero.
After transfer of the D µν nonrigid contributions from the methyl fluoride to the ethane case, a least-squares fitting procedure was performed in which structure and barrier parameters were kept fixed, and where only the Saupe orientation parameters for the isotopomers were varied (see Table 3 ). Clearly, the introduction of the nonrigid contributions in the manner discussed above led to a very large improvement in the rms obtained in the fit. A last improvement that was introduced has to do with the fact that there is no way of knowing whether the experimental conditions in the methyl fluoride and ethane experiments are truly identical. However, because the D µν nonrigid quantities scale with the anisotropy, ∆F, of the liquid-crystal field, a final leastsquares analysis was performed in which, in addition to the Saupe order parameters, only a single multiplication factor that scales all of the nonrigid contributions was varied. This procedure led to an even better rms than before. The dipolar couplings calculated from this fit are presented in Table 2 ; the Saupe order parameters, the scaling factor, and the rms are presented in Table 3 . The calculation shows that the nonrigid couplings have to be scaled up by only 15% compared to what they are in the independent CH 3 F experiments. The agreement between calculated and experimental dipolar couplings is excellent and lends strong support to the present approach where nonrigid contributions based solely on methyl group transferability are employed.
As shown in Table 3 , the order matrices for the CH 3 -CH 2 D isotopomers in ZLI 1132 are close to those expected for cylindrical symmetry. This indicates that the role of the CD bond does not deviate much from that of the CH bond. Also from Table 3 , we note that the degrees of orientational order in ZLI 1132 and EBBA are very similar; this is consistent with a picture in which ethane behaves as a "magic solute" 2 where the interaction between a small solute quadrupole moment and an average solvent electric field gradient is expected to be minor compared to dominant size and shape effects. This situation differs from that of solutes with an appreciable quadrupole moment (such as methyl iodide, to be discussed in section 4.3), resulting in very different orientational order in the same liquid crystals, ZLI 1132 and EBBA. to be axially symmetric about the CD bond. For a rigid r e or r z structure, the deuterium coupling constant is then defined as 12, 13 where V | rig ) V cc D is the negative of the electric field gradient at the site of the deuterium nucleus, defined along the direction c of the CD bond, eQ D is the nuclear quadrupole moment of the deuterium nucleus, and S cc is the Saupe orientation parameter of the CD bond. S cc can be expressed in terms of the Saupe order parameters, S kl , defined in terms of the molecule-fixed axes, x, y, and z, as where cos θ kc is the direction cosine of angle θ between the k axis and the CD bond direction. Hence, S cc can be calculated from the S kl values obtained from the fit to the dipolar couplings. The application of vibrational corrections to the experimental quadrupolar couplings is notoriously complicated and is therefore neglected. 46 7, 12, 13 the discrepancies between experimental and calculated quadrupolar couplings, B D external , are ascribed to the presence of an average external electric field gradient (at the site of the deuteron nucleus) provided by the liquid-crystal environment Extensive previous studies have shown that for ZLI 1132 and EBBA the average external field gradients are of similar magnitude but of opposite sign. Because a reliable experimental value for eV | rig Q D /h does not exist, we adjust its value to 177.9 kHz to obtain an equal but opposite discrepancy in the quadrupolar couplings measured in ZLI 1132 and EBBA. The experimental and calculated quadrupolar couplings obtained in this way are given in Table 2 . The value obtained for eV | rig Q D /h is not unreasonable for a deuterium nucleus in a CD bond. Moreover, apart from their magnitudes that are a factor of ∼2 smaller than what was observed before with molecular hydrogen and methane, the signs of B D external () experimental -calculated in Table 2) are consistent with what was found previously for ZLI 1132 and EBBA. Similar findings were obtained for a collection of aromatic solutes dissolved in ZLI 1132, EBBA and a magic mixture of these component liquid crystals. 47 Therefore, the present experiments on ethane and its isotopomers lend additional support to the notion that average external electric field gradients are important in these liquid crystals.
4.3. Implications for Other Solutes. Because the incorporation of the dipolar couplings arising from the reorientationvibration mechanism was found to be essential in the analysis of our ethane results, using the same approach as discussed above should be considered for other solutes as well. Because the corrections to the dipolar couplings due to reorientationvibration correlation are known for 13 CH 3 F, they can be transferred to other 13 CH 3 -containing molecules. In a recent study, new results and literature data for 13 CH 3 I dissolved in a large variety of thermotropic and lyotropic liquid-crystal solvents were analyzed. 1 In this analysis, harmonic vibrational corrections were taken into account, but the reorientation-vibration interaction was neglected entirely. It was found that for given CH and HH internuclear distances, obtained from gas-phase microwave spectroscopy, the HCH angle derived from the dipolar couplings varied appreciably from one experiment to the next. Such "solvent-dependent structures" are often rationalized in terms of specific chemical interactions between solute and solvent or as resulting from the exchange of the solute between several "sites" in the liquid-crystal environment with different orientational order. It is of interest to see what the effect of incorporating reorientation-vibration corrections will be on the 13 CH 3 I structure.
There are two problems in transferring the reorientationvibration corrections from 13 CH 3 F to 13 CH 3 I because there is no guarantee that the 13 CH 3 F and 13 CH 3 I results are obtained under the same experimental conditions and with the same ∆F factor. In the ethane case, the latter complication invoked the need to do some ∆F scaling. Lacking this information, we transfer the 13 CH 3 F nonrigid corrections to 13 CH 3 I assuming a temperature of 302 K and otherwise identical experimental circumstances. Moreover, 13 CH 3 F corrections are available only for liquid crystals ZLI 1132 and EBBA. In Table 4 , the ratios of D CH /D HH are compared without ( ′ in column 5 of Table 4 1 ) and with ( ′′ in column 6 of Table 4 ) the incorporation of reorientation-vibration corrections. It is apparent that, despite the above inadequacies in the procedure, these reorientationvibration corrections can explain the deviations of the factor ′ from 1.0 quite adequately. Hence, when reorientation-vibration effects are accounted for, there is no need to invoke the concept of solvent-dependent structures. In addition, it should be pointed out that the reorientation-vibration corrections are not proportional to the Saupe 
Conclusions
Simple, well-characterized molecules dissolved in nematic phases have proved to be extremely useful probes of the intermolecular potential. After work on hydrogen and methane and their isotopomers, an NMR study on ethane, a benchmark example of a molecule possessing large-amplitude torsional motion, dissolved in ZLI 1132 is undertaken. In addition, five isotopomers have been studied and a consistent set of dipolar and quadrupolar couplings is obtained for this series of solutes. The averaging over the harmonic vibrational motions required to correct the dipolar couplings for vibrational effects is performed in the usual manner. The effect of the internal rotation on the dipolar couplings is accounted for by classical averaging over the torsional mode. The corrected dipolar couplings should not be interpreted in terms of a reasonable molecular structure unless effects of the reorientation-vibration interaction are taken into account. Assuming that the reorientation-vibration contributions that are known for the methyl group in methyl fluoride are transferable to ethane, excellent agreement between observed and calculated dipolar couplings on the basis of the ethane gasphase structure is obtained. These results convincingly show that the interaction between liquid crystal and solute does not lead to deformation of the gas-phase structure of the solute, provided that the reorientation-vibration interaction is included. Neglect of this effect is therefore generally not warranted.
Previously, the interpretation of the observed quadrupolar couplings caused difficulty in experiments on deuterated isotopomers of molecular hydrogen and methane dissolved as solutes in nematic liquid crystals. 7, 12, 13 The discrepancies between experimental and calculated quadrupolar couplings were resolved by assuming that an average external electric field gradient present in the liquid-crystal solvent interacts with the deuterium nuclei in the solutes. The quadrupolar couplings obtained for the deuterated ethanes in this work show very similar discrepancies. The current results lend strong support to the notion that average external electric field gradients present in liquid-crystal solvents cannot be ignored in the interpretation of measured quadrupolar couplings.
The transferability of the reorientation-vibration contributions to the dipolar couplings from a methyl group in one solute (CH 3 F) to that in another (ethane) has important consequences. Often changes in observed dipolar couplings that arise if different liquid-crystal solvents are employed are interpreted in terms of ad hoc effects, such as specific chemical interactions, or in terms of solutes that exchange between various different sites in the anisotropic environment. Inclusion of the reorientation-vibration effects for methyl groups following the same procedure as outlined in this paper for ethane generally removes the need to interpret changes in observed dipolar couplings by invoking elusive chemical effects.
